Molecular Movement inside the Translational Engine  by Wilson, Kevin S & Noller, Harry F
Cell, Vol. 92, 337±349, February 6, 1998, Copyright 1998 by Cell Press
Molecular Movement inside Review
the Translational Engine
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We begin by placing translocation in the overall context
of the translational elongation cycle. The original two-
Translation requires iterative coupled movement of mRNA
site mechanism for elongation, proposed by Watson
and tRNA throughout the elongation phase of protein
over 30 years ago, was elaborated by the discovery of
synthesis. Each new amino acid is recruited to the ribo-
a third site, called the exit, or E site (Rheinberger et
some as an aminoacyl-tRNA´EF-Tu´GTP ternary com-
al., 1981), and many of the details of the model were
plex. Following peptide bond formation, the tRNAs and
confirmed or extended. The three-site version of theassociated mRNA must be translocated from one ribo-
classical model is summarized schematically in Figuresomal site to the next in a GTP-dependent process that
1. Beginning with an initiator or peptidyl tRNA in the P
is catalyzed by elongation factor EF-G. On a molecular
(peptidyl) site (Figure 1A), a new aminoacyl tRNA, with
scale, this movement is substantial, involving excur-
an anticodon that is complementary to the available Asions on the order of 50 AÊ at the elbow of tRNA during
(aminoacyl)-site codon, is introduced as an aminoacyl-each elongation step. Although the elongation cycle re-
tRNA´EF-Tu´GTP ternary complex. Following hydrolysisquires the two G proteins (elongation factors EF-Tu and
of GTP and release of EF-Tu, the aminoacyl-tRNA isEF-G) under physiological conditions, it has been shown
bound to the A site (Figure 1B). The anticodon endsthat protein synthesis can becarried out by the ribosome
of both tRNAs interact with the 30S subunit, and theiritself, in the absence of factors, or GTP, under certain
acceptor (aminoacyl) ends interact with the 50S subunit.in vitro conditions (Pestka, 1969; Gavrilova et al., 1976).
Attack of the peptidyl-tRNA bond by the a-amino groupThus, the ability to move mRNA and tRNA is an inherent
of aminoacyl-tRNA, a spontaneous reaction catalyzedproperty of the ribosome; the factors serve to increase
by peptidyl transferase (an activity of the 50S subunit),the speed and accuracy of elongation in a GTP-depen-
results in peptide bond formation and transfer of thedent manner. The ribosome can therefore be considered
growing peptide chain to the A-site tRNA (Figure 1C).as a macromolecular machine.
Movement of the newly created peptidyl-tRNA from theBecause of the fundamental importance of translation
A to P site is accomplished by EF-G in a GTP-dependentto all life as we know it, and the essential similarities
reaction (Figure 1D). At the same time, the deacylatedbetween all ribosomes, the movement associated with
tRNA moves to theE site. The E site ismost likely locatedthe translational elongation cycle must be one of the
exclusively on the 50S subunit (Kirillov et al., 1983; Lillmost ancient and basic in biology. Understanding the
and Wintermeyer, 1987; Moazed and Noller, 1989a); thisunderlying molecular basis of this movement has pre-
would mean that theelaborated elongation cycle is reallysented a formidablechallenge togenerations of molecu-
a two-and-a-half-site, rather than a three-site, model.lar biologists. The ribosome is large (about 2.5 MDa)
Deacylated tRNA, bound weakly to the E site, dissociatesand structurally complex (more than 50 different pro-
from the ribosome to complete the cycle of elongation.teins and three RNA molecules comprising over 4500
It has been proposed that binding of the next aminoacyl-nucleotides; Hill et al., 1990; Matheson et al., 1995). It
tRNA to the A site allosterically weakens the affinity ofis also functionally complex. It is divided into a small
tRNA for the E site (Nierhaus, 1990), but this has recentlyand a large subunit, which in bacteria are called the
been challenged (Semenkov et al., 1996).30S and 50S subunits. In addition to movement, the
Chemical footprinting studies showed that tRNAsribosome must provide specific binding sites for mRNA,
bound in their various ribosomal binding states protecttRNA, and the various initiation, elongation, and termina-
characteristic bases in rRNA from chemical probes, pro-tion factors, and catalyze peptide bond formation. It
viding structural correlates for the states of tRNA duringmust also stabilize codon±anticodon interaction and
the elongation cycle (Moazed and Noller, 1986, 1989a).preserve the translational reading frame.
It was found that, in certain intermediate states of elon-In recent years, many fundamental assumptions con-
gation, the two ends of a tRNA could be in differentcerning the translational elongation cycle have been
states on the two ribosomal subunits; for example, achallenged, and some have required drastic revision. In
tRNA could simultaneously occupy the 30S A site andthis article, we focus on the process of translocationÐ
the 50S P site. Interpretation of these experiments re-the precisely orchestrated movement of tRNA from one
sulted in the hybrid states model for the elongation cy-ribosomal site to the next, coupled to movement of
cle, shown in Figure 2 (Moazed and Noller, 1989b). AnmRNA. We attempt to present a brief overview of our
important implication for the mechanism of transloca-current understanding of the mechanism of transloca-
tion was that movement of tRNA can occur indepen-tion, raise or restate some basic questions, and offer
dently with respect to the two ends of the tRNA relativesome suggestions about the workings of the machine.
to the two ribosomal subunits. Prior to GTP hydrolysis,Further discussion as well as alternative views of trans-
aminoacyl-tRNA is bound in the A/T state (Figure 2B);location can be found in the excellent reviews by Spirin
i.e., its anticodon is bound to the codon in the A site of(1985), Abel and Jurnak (1996), and Czworkowski and
Moore (1996). Our point of reference will be the bacterial the 30S subunit, while its acceptor end is bound to a
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Figure 1. Classical Three-Site Model for the
Translational Elongation Cycle
The tRNA binding sites on the 50S and 30S
subunits, according to the three-site model
(Rheinberger et al., 1981; Lill and Win-
termeyer, 1987), are represented schemati-
cally by the upper and lower rectangles, re-
spectively. The 50S subunit is subdivided into
A (aminoacyl), P (peptidyl), and E (exit) sites;
the 30S subunit is subdivided into A and P
sites. The tRNAs are represented by vertical bars and the nascent polypeptide chain by a wavy line; aa represents the aminoacyl moiety and
OH the deacylated 39 end of tRNA; the circles represent elongation factors EF-Tu and EF-G, respectively. The binding states (A, P, and E) for
the different tRNAs are indicated at the bottom of each panel.
site different from the A site of the 50S subunit, called model. (1) Translocation occurs in two steps: first, the
the T site (it is probably bound mainly to EF-Tu, which acceptor ends of both tRNAs move relative to the 50S
is, in turn, bound to a specific site on the 50S subunit). subunit, while the anticodon ends remain anchored to
Following GTP hydrolysis, aminoacyl-tRNA moves into the 30S subunit; second, the anticodon ends move rela-
the A/A state, corresponding to the classical A site (Fig- tive to the 30S subunit, while the acceptor ends remain
ure 2C). Peptidyl-tRNA is bound in the P/P state, the anchored in the 50S subunit. (2) The first step can occur
counterpart of the classical P site, and the state of the spontaneously, while the second step is an EF-G-cata-
ribosome is equivalent to that shown in Figure 1B for lyzed step requiring GTP. (3) The first (spontaneous)
the classical model. Next, peptide bond formation oc- step provides a rationale for the E site and for its location
curs. Following peptide bond formation, both tRNAs are exclusively on the 50S subunit. By virtue of its specific
found in hybrid states (Figure 2D). The peptidyl-tRNA is affinity for deacylated tRNA, the E site could provide a
in the A/P state, in which its anticodon is in the 30S A thermodynamic driving force for the spontaneous step
site, while its acceptor end is in the 50S P site. The of translocation. The lack of a 30S E site would be simply
deacylated tRNA is in the P/E state, in which its antico- explained if the primary role of the E site were to estab-
don is in the 30S P site and its acceptor end in the 50S lish the hybrid P/E state. (4) Independent movement of
E site. Movement into the hybrid states is spontaneous, tRNA relative to the two ribosomal subunits suggests
occurring independently of EF-G and GTP. Although that tRNA translocation could involve relative movement
the acceptor end of peptidyl-tRNA is in a state closely of the subunits, providing an explanation for the univer-
resembling binding to the 50S P site, it is not yet compe- sal two-subunit structure of ribosomes. This idea was
tent for peptide bond formation with puromycin, an proposed many years earlier by Bretscher (1968) and
aminoacyl-tRNA analog, for reasons that are not under- Spirin (1968). (5) The peptidyl moiety remains in the 50S
stood. Finally, EF-G catalyzes movement of the antico- subunit P site throughout the elongation cycle, rather
don ends of both tRNAs relative to the 30S subunit, than oscillating between the P and A sites as in the
moving peptidyl-tRNA into the P/P state and deacylated classical model.
tRNA into the E state (Figure 2E). More evidence supporting the hybrid states model has
Several inferences can be made from thehybrid states come from physical studies. Using fluorescent probes
attached to specific locations on both tRNA and the
ribosome, Hardesty and coworkers have measured tRNA-
ribosome distances before and after peptide bond for-
mation, by nonradiative energy transfer (Odom et al.,
1990). Fluorescent probes were attached to either the
59 end or position 8 of peptidyl-tRNA and to either pro-
tein S21 or L1. Upon peptide bond formation, the 59 end
of the peptidyl-tRNA moved at least 20 AÊ toward L1,
and the probe attached to position 8 of the tRNA moved
10 AÊ toward S21. Since two of the E-site protections
are in the region of 23S rRNA that interacts with protein
L1, this result provides physical evidence for the P/P to
P/E transition. More recently, Wintermeyer and cowork-
ers (Borowski et al., 1996) have tested the activity of a
mutant EF-G in which domain I (the catalytic or ªG do-
mainº) was deleted. Using ribosomes containing a deac-
ylated tRNA and a peptidyl-tRNA analog in the pre-
Figure 2. Hybrid States Model for the Translational Elongation Cycle translocation state, they found that the mutant factor
Binding states for tRNA are based on chemical footprinting studies converted the peptidyl-tRNA from a puromycin-unreac-
(Moazed and Noller, 1989b). Symbols are as described for Figure tive state to a puromycin-reactive state. At the same
1. Binding states, indicated at the bottom of each panel, indicate
time, the A site of the 30S subunit remained filled. Theythe state of each tRNA relative to each ribosomal subunit; e.g., A/P
concluded that the peptidyl-tRNA was in an A/P state,indicates interaction of the anticodon end of a tRNA with the 30S
A site and its acceptor end to the 50S P site. but one that differs from that observed in the hybrid
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Figure 3. Elaborated Hybrid States Model,
Incorporating Recent Findings that Establish
Additional Intermediate States in the Transla-
tional Elongation Cycle
Symbols are as described in Figure 1. Open
arrows emphasize the time resolution of fac-
tor binding from tRNA movement (Rodnina
et al., 1995, 1997). Steps marked with the ³
symbol are potential high-energy intermedi-
ates, corresponding to ªunlockedº states of
the ribosome-tRNA-mRNA complex (Spirin,
1985), as discussed in the text.
states experiments in that it is puromycin-reactive. Pre- to that observed with nonhydrolyzable GTP analogs
(Rodnina et al., 1997). These new kinetic experimentssumably, some GTP-independent activity of EF-G con-
verts the state of peptidyl-tRNA in the 50S P site into one require a reevaluation of the role of GTP hydrolysis in
translocation, suggesting instead that a conformationalthat is competent for the peptidyl transferase reaction.
Since puromycin reactivity more rigorously character- transition in EF-G itself is in some way coupled to trans-
location. These experiments, together with the effectsizes the 50S P state of tRNA, we redefine the spontane-
ously derived A/P state as the ªA/P*º state, to reflect its of the G domain deletion mutant mentioned above, sug-
gest that EF-G-dependent translocation comprises atunreactivity toward puromycin, and the state observed in
the EF-G deletion experiments as the A/P state. least four steps: (1) transition to a puromycin-reactive
state soon after EF-G binding (Figure 3G); (2) GTP hydro-In the last few years, these and other studies have
provided evidence for the existence of additional inter- lysis (Figure 3H); (3) translocation of the anticodon arms
of the tRNAs; and (4) release of EF-G´GDP (Figure 3I).mediates in the elongation cycle, which are represented
in an elaborated hybrid states model shown in Figure This sequence of events is also supported by the
observed effects of several antibiotics that block trans-3. First, the mechanism of EF-Tu-dependent aminoacyl-
tRNA binding can be divided into several additional location at specific steps in the pathway outlined in
Figure 3. Following binding of EF-G´GTP, thiostreptonsteps. Initial binding of the EF-Tu ternary complex to
the ribosome (observed by fluorescent probes attached inhibits the pathway at a step before GTP hydrolysis
and translocation (Cundliffe, 1990). Viomycin allows GTPto the tRNA) is rapid and reversible and does not involve
codon recognition (Figure 3B; Rodnina et al., 1995). This hydrolysis but prevents translocation (Modolell and Vaz-
quez, 1977). Finally, fusidic acid allows GTP hydrolysisinitial complex can form even if the A site is blocked
with another aminoacyl-tRNA. Initial binding is followed and translocation but prevents release of EF-G´GDP
(Cundliffe, 1972).by a series of conformational changes leading to codon
recognition (Figure 3C) and GTP hydrolysis (Figure 3D;
Rodnina et al., 1995). Upon dissociation of EF-TuGDP, Molecular Basis and Structural Background
Clearly, no precise description of the molecular mecha-the aminoacyl-tRNA enters the 50S A site (Figure 3E),
leading to peptide bond formation (Figure 3F). nism of translocation will be possible until the structure
of the ribosome is known at high resolution. Currently,Until recently, binding of EF-G´GTP to the ribosome
was thought to induce translocation, followed by GTP we are at an intermediate stage of understanding ribo-
some structure. The structures of a dozen of the morehydrolysis and release of EF-G´GDP from the ribosome
(Kaziro, 1978). This conclusion was based principally on than 50 ribosomal proteins have been solved to atomic
resolution, and the three-dimensional positions of mostthe observation that a single round of translocation
could occur with nonhydrolyzable GTP analogs, while of the proteins have been localized in the ribosome ei-
ther by immuno-electron microscopy, neutron diffrac-GTP hydrolysis was required for release of EF-G after
translocation (Inoue et al., 1974), presumably serving to tion, or a combination of both (reviewed in Hill et al.,
1990; Matheson et al., 1995). The secondary structuresdrive translocation in one direction (Spirin, 1985). How-
ever, recent pre-steady-state kinetic experiments show of the three ribosomal RNAs have been determined,
mainly by comparative sequence analysis (reviewed inclearly that GTP hydrolysis occurs before translocation
and accelerates translocation more than 50-fold relative Noller, 1984); much information about their higher-order
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folding has been obtained by cross-linking, footprinting,
and directed hydroxyl radical probing studies (Brima-
combe, 1991; Noller et al., 1995; Powers and Noller,
1995).
Direct structure determination of whole ribosomes
or ribosomal subunits has been addressed both by
crystallography and by electron microscopy reconstruc-
tion methods. Crystals of 70S ribosomes as well as 30S
and 50S subunits have been obtained, most of which
diffract to relatively low resolution. However, some crys-
tals of 50S subunits diffract to better than 3 AÊ resolution
(Yonath, 1992), raising hopes for an eventual atomic-
resolution structure. This will depend on obtaining high-
resolution phase information, a daunting problem for an
asymmetric unit whose molecular weight approaches 2
MDa.
Meanwhile, electron microscopy reconstruction stud-
ies are providing low-resolution images of ribosomes
and ribosome-tRNA complexes that have important
general implications for the mechanism of translation.
Figure 4. A Consensus Model Showing the Path of tRNA throughThey reveal an extensive cavity between the two ribo-
the Ribosome
somal subunits that has room enough to accommodate
The positions of tRNA in different binding states (P/E, P/P, A/A, and
two or more tRNAs, as well as EF-G or EF-Tu (Frank et A/T states) are based on the hybrid states model (Moazed and
al., 1995; Stark et al., 1995). Indeed, these ligands are Noller, 1989b). tRNA positions are based on electron microscopy
found to occupy the intersubunit space, according to reconstruction studies (Agrawal et al., 1996; Stark et al., 1997a),
fluorescence energy transfer experiments (Paulsen et al., 1983),difference maps obtained from ribosome-tRNA and ri-
chemical footprinting and cross-linking (reviewed in Brimacombebosome´EF-Tu complexes (Agrawal et al., 1996; Stark et
et al., 1995; Noller et al., 1995), and directed hydroxyl radical probingal., 1997a, 1997b). In the standard view of the ribosome
(Joseph et al., 1997; see also Figure 7). The view is from the solvent
structure, the tRNAs occupy the left-hand side of the face of the 30S subunit. The anticodon ends of the tRNAs are ori-
intersubunit cavity, between the platform, cleft, and ented toward the viewer, interacting with the cleft and neck regions
head of the small subunit and the L1 ridge and central of the 30S subunit. The acceptor ends of the A/A and P/P state
tRNAs interact with the peptidyl tranferase region in the middle ofprotuberance of the large subunit (Figure 4), as was
the 30S face of the 50S subunit. This arrangement is similar toinferred previously from biochemical evidence (Wower
models proposed earlier, based mainly on biochemical constraintset al., 1989; Noller et al., 1990).
(Wower et al., 1989; Noller et al., 1990).
Direct interpretation of structural models at the atomic
level will not be possible until much higher-resolution
of the interface surface of the large subunit; their antico-structures are available. Meanwhile, identification and
don ends interact with A and P codons in the decodinglocalization of specific structural features of ribosomal
site, located in and around the cleft of the small subunit.RNA and ribosomal proteins in low- and intermediate-
The angle between the planes of the A- and P-site tRNAsresolution structural maps can be inferred from low-
has been determined by fluorescence energy transferresolution structural models that have been deduced
(Paulsen et al., 1983), difference electron microscopyon the basis of extensive biochemical and physical con-
reconstructions of ribosome´tRNA complexes (Agrawalstraints (Brimacombe et al., 1988; Stern et al., 1988;
et al., 1996; Stark et al., 1997a), and by localized hydroxylMalhotra and Harvey, 1994; Noller et al., 1995; Fink et
radical probing between tRNA and tRNA analogs occu-al., 1996; Mueller and Brimacombe, 1997). Although
pying the two sites (S. Joseph and H.N., unpublishedthe different models for the folding of 16S rRNA in the
data). There is general agreement between these ap-small ribosomal subunit differ in detail, there is general
proaches that the angle is on the order of 608. The ac-agreement about the locations of many structural fea-
ceptor end of deacylated tRNA binds to the E site oftures. Consensus among different research groups tends
the large subunit, near protein L1, which is located into be strongest for features for which there are the
the protuberance at the upper left corner of the largelargest number of constraints and for which the fewest
subunit. As discussed below, aminoacyl-tRNA is intro-conflicting data exist. Most of these features are likely
duced at the right-hand side of the ribosome by EF-Tu.to be correctly placed, within the low resolution of the
Accordingly, the tRNA progresses from right to left, frommethods currently employed.
T to A to P to E states, as it transits the ribosome.Assignment of density in electron microscopy recon-
The nascent polypeptide chain, which originates in thestruction maps to individual specific tRNA molecules
peptidyl transferase catalytic site, is believed to exitcan be inferred from constraints obtained from numer-
through channels leading from the interface side to theous cross-linking, footprinting, and directed probing
solvent side of the large subunit (Agrawal et al., 1996;studies. In the view shown in Figure 4, the A-site (A/A
Stark et al., 1997a).state) tRNA is on the right and the P-site (P/P state)
The structures of EF-G and its complex with GDP havetRNA is on the left with their anticodon ends toward
been solved by X-ray crystallography (ávarsson et al.,the viewer. Their acceptor ends bind to the peptidyl
transferase center, located approximately in the middle 1994; Czworkowski et al., 1994), as have the GTP and
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Figure 5. Structures of EF-G and the EF-Tu
Ternary Complex
Shown here are the crystal structures of the
EF-G´GDP complex (Czworkowski et al.,
1994) and the EF-Tu´Phe-tRNA´GTP ternary
complex (Nissen et al., 1995). The crystal
structure of free EF-G has also been deter-
mined (ávarsson et al., 1994) and has a con-
formation similar to that of EF-G´GDP.
GDP forms of EF-Tu and its ternary complex with II of 23S rRNA that is believed to be conformationally
mobile (Traut et al., 1995).aminoacyl-tRNA and GTP (Berchtold et al., 1993; Nissen
et al., 1995). Most remarkably, EF-G is strikingly similar Recently, the position and orientation of EF-G in the
ribosome has been mapped by site-directed hydroxylin its overall shape to the ternary complex of EF-Tu´Phe-
tRNA´GTP (Figure 5). Not only are the first two domains radical probing using Fe(II)-EDTAtethered to18 different
sites on the surface of EF-G (Wilson and Noller, 1998).of EF-Tu and EF-G closely similar to each other, but the
latter three domains of EF-G (domains 3, 4, and 5) appear These data provide proximity relationships between in-
dividual amino acid positions on the crystallographicallyto mimic the structure of tRNA in the EF-Tu ternary
complex (the acceptor arm, anticodon arm, and elbow determined structure of EF-G and specific nucleotide
of tRNA, respectively). This remarkable example of ap- positions in 16S and 23S rRNA. These data provide a
parent molecular mimicry implies an underlying func- set of constraints that are sufficient to position EF-G in
tional similarity between the catalytic mechanisms of the ribosome at low resolution. The factor is located
EF-Tu and EF-G. between the two ribosomal subunits, in the intersubunit
space. Its G domain (domain 1) faces the large subunit,
near the sarcin loop and rRNA elements of the stalk,Interactions of the Factors with the Ribosome
while domain 2 faces the small subunit, near the bindingFor many years, it has been known that EF-G and EF-
site of protein S4. Domain 4, which appears to mimicTu compete for a common binding site on the ribosome
the anticodon arm of tRNA of the ternary complex, is(Richman and Bodley, 1972; Moazed et al., 1988). The
directed toward the decoding center with its tip posi-recent crystal structures described above reinforce the
tioned close to several rRNA elements of the small sub-view that a common element of the ribosome activates
unit tRNA sites.the GTPase activity of both factors. A strong candidate
This position and orientation for EF-G in the ribosomefor the GTPase activator is the sarcin loop in domain VI
is very similar to that observed for the EF-Tu ternaryof 23S rRNA, which interacts with both factors (Hausner
complex, determined independently by electron micros-et al., 1987; Moazed et al., 1988). Two cytotoxins (sarcin
copy reconstruction methods (Stark et al., 1997b; andand ricin) modify this loop and specifically inactivate the
see below). The G domain of EF-Tu rests against theribosome-dependent GTPase activity of EF-G (Fernan-
base of the stalk of the large subunit and domain 2 facesdez-Puentes and Vazquez, 1977; Endo and Wool, 1982),
the small subunit similar to orientations predicted forand recent experiments show that EF-G binds specifi-
the corresponding domains of EF-G. The anticodon armcally to the sarcin loop alone (Munishkin and Wool,
of the bound tRNA is directed into the decoding site, as1997). In addition, in vitro studies suggest that GTP
is expected. These findings clearly explain the observedhydrolysis is regulated by the stalk of the ribosome, a
competition between EF-G and EF-Tu for their interac-protein-rich extension of the large subunit composed
of proteins L7/L12 and L10, and an element of domain tion with the ribosome.
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Minimal Requirements for Translocation broken and reestablished in some step-wise fashion,
implying the existence of further intermediate states ofImportant insights into the nature of the translocation
mechanism have come from in vitro studies with simpli- tRNA binding that are yet to be observed.
fied model systems. The discovery of factor-indepen-
dent translocation (Pestka, 1969; Gavrilova and Spirin, Two Basic Problems of Translocation
1971) established that it is fundamentally a ribosomal In catalyzing translocation, EF-G surmounts two funda-
mechanism, as already mentioned. Equally significant mental problems. First, a significant activation energy
is the finding that translocation can take place in the barrier must be overcome, most likely involving disrup-
absence of a messenger RNA. Under certain in vitro tion of tRNA-ribosome (and possibly mRNA-ribosome)
conditions, lysyl-tRNA can be polymerized by the ribo- interactions. Second, these disruptions, as well as move-
some into polylysine (Belitsina et al., 1981). These exper- ment of tRNAs and messages, must be accomplished
iments provided evidence for a possibility that had been without loss of the translational reading frame. In other
suspected previouslyÐthat the translocation machine words, the codon±anticodon interactions must be stead-
acts directly on tRNA and that movement of mRNA is fastly maintained, even though there must be at least
passive, driven by its association with tRNA. A further transient disruption of tRNA-ribosome interactions, the
requirement is that there must be a tRNA in both the A very interactions that are believed to allow ribosomal
and P sites for translocation of a P-site tRNA (Lucas- stabilization of the inherently weak binding between co-
Lenard and Haenni, 1969). However, even a simple anti- don and anticodon. These two problems are the oppos-
codon stem-loop in the 30S A site is sufficient for EF- ing ones of speed versus accuracy that are often en-
G-dependent translocation of both tRNAs, as discussed countered in biological systems. How the ribosome
below (S. Joseph and H. N., unpublished data). Finally, deals with this paradox is a mystery that has been the
it is important to keep in mind that the tRNAs interact not subject of much wonder and speculation.
only with mRNA, via their codon±anticodon interactions,
but also with the ribosome itself (Nirenberg and Leder,
Locking and Unlocking: Ribosomal Switches1964; Rose et al., 1983; Moazed and Noller, 1986, 1989a;
It has been proposed that the barrier to movement ofSamaha et al., 1995; von Ahsen and Noller, 1995).
tRNA is caused by ªlockingº of the tRNA-ribosome com-Clearly, these tRNA-ribosome interactions need to be
plex in a fixed conformation (Spirin, 1985). The lockeddisrupted and reformed before and after (and perhaps
state can be considered to be a kinetic trap that isduring) translocation of tRNA.
imposed on the complex by the aforementioned activa-Indications of the strengths of the interactions and
tion barrier. According to this view, EF-G has been sug-the energies involved in translocation come from binding
gested to catalyze translocation by ªunlockingº the ribo-and kinetic studies. Factor-independent translocation
some in a GTP-dependent manner, overcoming theis much slower than EF-G-catalyzed translocation. The
activation energy barrier for tRNA movement. There mayactivation energy for spontaneous translocation is around
be more than one locked state, defined not only by the20 kcal/mol while that for EF-G-catalyzed translocation
conformation of the ribosome, but also by the bindingis about 7 kcal/mol (Schilling et al., 1992). EF-G thus
states of the tRNAs. The transition between the pre- andacts as a true catalyst, somehow coupling the energy
posttranslocational states would involve an unlockedof GTP hydrolysis to movement. (For comparison, the
state, during which movement could occur. Physically,free energy of ATP hydrolysis, which must bevery similar
unlocking could include disruption or rearrangement ofto that of GTP hydrolysis, underphysiological conditions
the tRNA-ribosome interactions discussed above asis estimated to be about 12 kcal/mol; Rosing and Slater,
well as rearrangement of intramolecular interactions1972.) Thus, the difference in the activation energies
within the ribosome itself. There is mounting evidencebetween spontaneous and EF-G-catalyzed transloca-
for the occurrence of conformational switching in thetion can be accounted for by the free energy of GTP
ribosome. Such switches may relate to movement asso-hydrolysis. However, part of the catalytic effect of EF-G
ciated with elongation factor±dependent events in twomust be due to binding of EF-G´GTP to the ribosome,
different ways: (1) unlocking of the tRNA-ribosome com-which leads to a substantial catalysis of translocation
plex to allow translocation to proceed, and (2) the move-in the absence of GTP hydrolysis (Rodnina et al., 1997).
ment associated with translocation itself.In movement of tRNA from the pretranslocation state
The idea that perturbations of ribosome structure canto the posttranslocation state, what is the structural
cause it to tighten or loosen its grip on tRNA originatedcorrelate of this thermodynamic barrier? We know that
with the discovery of mutations in ribosomal proteinsone barrier to be broken is the collective interaction of
that affect translational accuracy. Streptomycin-resis-peptidyl tRNA (A/P state), deacylated tRNA (P/E state),
tant or -dependent alleles of protein S12 were foundand mRNA, with the ribosome, although we do not know
to have hyperaccurate (restrictive) phenotypes (Gorini,whether this barrier is rate limiting for translocation. The
1971). Suppressor mutations of streptomycin depen-sum of the free energies of these binding interactions
dence were mapped to proteins S4 and S5, which wereis estimated to be of the order of 20 kcal/mol. However,
found to have increased translational error frequenciesit seems quite unlikely and unnecessary that these inter-
(ram, or ribosomal ambiguity phenotypes) when segre-actions would all be broken simultaneously, leaving the
gated from the streptomycin-dependent backgrounds.only marginally stable ribosome-independent codon±
It has been found that restrictive ribosomes have gener-anticodon interaction of peptidyl-tRNA with mRNA to
ally lower affinity, while ram ribosomes have higher affin-maintain the translational reading frame. A more likely
possibility is that the various ribosomal interactions are ity, for aminoacyl tRNA (Karimi and Ehrenberg, 1994),
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S12 protect bases in this region of the RNA during as-
sembly (Stern et al., 1989), suggesting that regulation
of translational accuracy by these proteins may involve
modulation of this RNA conformational switch. Interest-
ingly, the reactivity of the adjacent base A908 was shown
to correlate with the phenotypes of mutations in proteins
S4 and S12 in earlier studies (Allen and Noller, 1989). In
addition, binding of tRNA to the 30S A site was found
to cause enhanced reactivity of another nearby base,
A892, indicative of a tRNA-dependent conformational
change in this region of 16S rRNA (Moazed and Noller,
1986). Although these findings imply that the triplet
switch is primarily involved in tRNA selection, there are
hints that it may also be related to the process of translo-
Figure 6. The Triplet Switch cation. First, mutations that stabilize the 888 pairing are
Lodmell and Dahlberg (1997) have shown that there are two alterna- hypersensitive to spectinomycin, an inhibitor of EF-G-
tive biologically essential pairings for this region of 16S rRNA. Muta-
dependent translocation (Lodmell and Dahlberg, 1997).tions that favor the upper pairing confer hyperaccurate (restrictive)
Second, although these same mutations have a restric-translational accuracy phenotypes; mutations that favor the lower
tive phenotype, they unexpectedly show an elevatedpairing confer error-prone (ram) phenotypes.
level of translational frameshifting, a potential conse-
quence of impaired translocation. Finally, the nature of
although this does not appear to fully account for their the switch itselfÐmovement of the CUC sequence by
differences in tRNA selectivity. Intriguingly, the affinity precisely three nucleotides between adjacent comple-
of these ribosomes for peptidyl-tRNA appears to be mentary tripletsÐbears an intriguing resemblance to the
inversely correlated to their affinity for aminoacyl-tRNA; process of translocation.
peptidyl-tRNA dissociates more readily from ram ribo- Another potential switch was suggested by results of
somes and binds more tightly to restrictive ribosomes chemical probing studies on tRNA-ribosome complexes
(Karimi and Ehrenberg, 1996).These results suggest that (Moazed and Noller, 1989b). A set of six bases (called
the affinities of the ribosomal binding sites for tRNA class III sites) in 16S rRNA was observed to be protected
are finely balanced and regulated by certain ribosomal not only by binding of tRNA to 30S subunits, but also
proteins. by binding of certain antibiotics or 50S subunits to 30S
Mutations in 16S rRNA can also confer streptomycin- subunits, in the absence of tRNA. Since it is well known
resistant and ram phenotypes. One set of mutations that all three kinds of ligands can bind simultaneously
involves a pseudoknot in 16S rRNA that is stabilized by to 30S subunits (and, in fact, bind cooperatively), it is
assembly of protein S12 (Powers and Noller, 1994). S4 unlikely that the six bases are protected by direct con-
ram mutations have been observed to affect the local tact with the ligands; more likely, their protection is a
conformation around specific locations in 16S rRNA, result of a conformational change in the 30S subunit
and, conversely, mutations in 16S rRNA can confer ram that can be stabilized by binding of tRNA, 50S subunits,
phenotypes (Allen and Noller, 1989, 1991). Such results or antibiotics. The class III sites can be further subdi-
suggest to RNA centrists that mutations in ribosomal vided according to their protection by antibiotics. One
proteins could exert their effects via perturbation of the subset, bases A790, G791, and A1394, is protected by
conformation of 16S rRNA and that regulation of the edeine, a P-site inhibitor; the other subset, bases A909,
binding of tRNA could be based fundamentally on rRNA A1413, and G1487, is protected by streptomycin, an
mechanisms. Since translocation must involve changes A-site-directed drug. All six are protected by aminogly-
in the mode of interaction of the ribosome with tRNA, coside antibiotics, such as neomycin. Intriguingly, one
an RNA-based mechanism is attractive, not only be- of the class III sites, A909, is immediately adjacent to
cause of the inherent flexibility of RNA but also in the the CUC sequence involved in the triplet switch.
simple way by which alternative modes of intramolecular
base pairing could precisely define different binding
states. Moving Parts of the Engine
As discussed above, the movement associated withRecent studies of a series of localized mutations in
16S rRNA suggest that just such a mechanism may, in translocation is somehow inherent in the ribosome itself,
along with its bound tRNAs and their associated mRNA.fact, play a role in the translational mechanism (Lodmell
and Dahlberg, 1997). These studies show that there are It is hard to escape the conclusion that one or more of
these components must undergo machine-like move-two alternative base pairings for the three±base pair
sequence (910) CUC (912) of 16S rRNA, both of which ment during the elongation cycle. Investigators studying
the process of translocation have long searched forare required for ribosome function (Figure 6). The CUC
sequence pairs either with (888) GAG (890) or with the ªmoving partsº; we next consider the likely candidates.
Protein L7/L12 is closely associated with the functionsimmediately adjacent (885) GGG (887) sequence. Muta-
tions favoring the 888 pairing have restrictive pheno- of theelongation factors (MoÈ ller, 1990; Trautet al., 1995).
It has been suggested that ribosomal movement duringtypes, while those favoring the 885 pairing confer ram
phenotypes and are able to suppress S5 ram mutations the elongation cycle could involve conformational re-
arrangement of L7/L12, which contains a flexible hingeand S12 restrictive mutations, respectively. Both S5 and
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joining its globular N- and C-terminal domains (Liljas anticodon stem-loop analog, containing only 15 nucleo-
tides, undergo efficient EF-G-dependent translocation.and Gudkov, 1987; Traut et al., 1995). This protein is
present in four copies per ribosome, most likely as a Both the oligonucleotide and the full-length P-site tRNA
are translocated, as is the mRNA. This result shows thatpair of dimers, and is required for binding of elongation
factors to the ribosome, which is believed to be through neither the elbow region nor the acceptor arm of A-site
tRNA are required for translocation. Since it is well es-its C-terminaldomain (Girshovich et al., 1981). It isvisible
in some electron micrographs as an extended stalk at tablished that the anticodon stem-loop of P-site tRNA
interacts exclusively with the small subunit of the ribo-the right-hand side of the large subunit, but immuno-
electron microscopy and cross-linking studieshave also some (Rose et al., 1983; Moazed and Noller, 1986; HuÈ t-
tenhofer and Noller, 1992), it can be concluded that theplaced its C-terminal domain at an alternative position
at the base of the stalk near protein L11 and at a third EF-G-dependent step of translocation of an aminoacyl-
tRNA from the A site to the P site can be reduced toposition below the left side of the central protuberance
of the subunit, near the position of protein L2 (Traut et rearrangement of the interactions between its anticodon
stem-loop and the 30S subunit.al., 1983; Olson et al., 1986). The site near L11 is the
most likely position for its interaction with the elongation It is generally accepted that P-site codon±anticodon
interaction is important for maintaining thecorrect trans-factors. Movement of the C-terminal domain between
one or more of these three positions would provide the lational reading frame. However, following translocation,
this interaction is disrupted, since it is believed thatproposed movement (Traut et al., 1995). These locations
for the L7/L12 C-terminal domain are all relatively remote there is no significant codon±anticodon interaction in
the E site (but see Nierhaus, 1990). Therefore, duringfrom the positions of tRNA, however. If movement of
L7/L12 is involved in translocation of tRNA, it would translocation, as theP-site codon±anticodon interaction
is disrupted, the A-site tRNA must take over this role.seem to exert its influence indirectly in some way.
The fact that all ribosomes are composed of two sub- Moreover, its codon±anticodon pairing must be stably
maintained during its movement from A site to P site.units suggested many years ago that translocation may
somehow be coupled to relative movement between This pairing is significantly more stable in the ribosome
than in solution (Grosjean et al., 1976). Thus, whateverthe subunits (Bretscher, 1968; Spirin, 1968). The main
conclusion from the hybrid states studiesÐthat translo- aspect of ribosomal structure is responsible for stabiliz-
ing codon±anticodon interaction must accommodatecation of the two extremities of tRNA can occur indepen-
dently with respect to the two subunitsÐfurther rein- the movement. For example, if stabilization is promoted
by an environment that excludes water, this environmentforces the suggestion that this could be the case
(Moazed and Noller, 1989b). Such movement could, in would have to be maintained around the codon±antico-
don pair throughout the entire path (.20 AÊ ) of its intrari-principle, involve the subunits themselves or smaller
domains or subdomains of the subunits. At the other bosomal excursion. Ifpairing is stabilized by interactions
with structural elements of the ribosome, such interac-extreme is the proposal that movement involves global
rearrangement of the structure of the ribosome, as sug- tions would have to be maintained throughout translo-
cation.gested by the results of electron tomography experi-
ments (OÈ fverstedt et al., 1994). Based on this reasoning, a key focus of the transloca-
tion mechanism can be considered to be movement of
the A-site anticodon stem-loop with respect to the 30S
Involvement of the Small Subunit subunit and stabilization of the interaction with its asso-
in tRNA Movement ciated codon. At the start of translocation, a tRNA also
A further clue to the nature of the translocation mecha- occupies the 30S P site, which probably dissociates
nism comes from consideration of the role of the small from its codon and from the 30S subunit during translo-
ribosomal subunit. Although the site of action of EF-G cation, and so would seem to be of diminishing impor-
has traditionally been identified with the large subunit, tance to the ribosome. In contrast to A-site tRNA, a
the movement of tRNA depends critically on the small full-length P-site tRNA is required for EF-G-dependent
subunit. An early indication was the identification of translocation (S. Joseph and H. N., unpublished data).
mutations in protein S5 as well as in 16S rRNA that This requirement suggests that interactions between the
confer resistance to spectinomycin, a drug that inhibits deacylated tRNA and the 50S E site are in some way
EF-G-dependent translocation (Bollen et al., 1968; Sig- crucial for translocation. At the end of the translocation
mund et al., 1984). Second, as the hybrid states experi- event, a single tRNA anticodon occupies the 30S sub-
ments show, the strictly EF-G-dependent step of trans- unit, which is alone responsible for maintaining the
location involves movement of the anticodon ends of reading frame. What remains to be understood is what
the tRNAs relative to the small subunit (Figure 2), even happens between these two states. At some point, the
though both subunits are required for movement to oc- A-site interactions are disrupted, and, at some point,
cur. There is also a requirement for occupation of the the P-site interactions are formed. These two processes
small subunit A site by tRNA; since A-site occupancy could overlap in time, in a concerted reaction, in which
requires P-site occupancy, a tRNA is also required in new interactions are formed simultaneously as the old
the P site. Recently, the boundaries of the A-site require- ones are disrupted. Or, some of the P-site interactions
ment have been tested systematically, using oligonucle- could form prior to disruption of the A-site interactions.
otide analogs of tRNA (S. Joseph and H. N., unpublished A further possibility is that another class of interactions,
data). It was found that ribosome complexes in which neitherA norP in the usual sense, is transiently formed to
promote stabilization of tRNA binding and tRNA-mRNAthe A-site tRNA is replaced by a minimal four±base pair
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interactions during translocation. There is no strong rea- is inherent in the ribosome, it seems unlikely that domain
4 itself physically moves the tRNA. A more likely possibil-son to exclude any of these possibilities from the avail-
ity is that its interactions with structural features of theable evidence. Nierhaus and colleagues have proposed
30S subunit trigger the movementÐi.e., that it promotesa kind of moving frame of reference in which the tRNAs
a structural rearrangement that allows the ribosome toare transported within the ribosome, which could be
overcome the free energy barrier to translocation. Thisconsidered as yet a fourth possibility (Nierhaus, 1990).
transition would correspond to the ªunlockingº eventFrom the above discussion, it seems likely that a pri-
discussed above. The proposed structural rearrange-mary source of ribosomal dynamics originates within
ment could then lead to transient stabilization of thethe small subunit. The small subunit has often been
A-site codon±anticodon interaction, which could beconsidered to bea flexiblestructure, virtually two dimen-
coupled to the movement itself.sional by comparison with the large subunit; no intrado-
main RNA-RNA tertiary interactions have been identified
A Unifying Mechanism for EF-G and EF-Tuin 16S rRNA, in spite of extensive attempts to find them.
A possible clue to the nature of tRNA movement comesBoth its head and platform features are largely autono-
from the relative positions of the A- and P-site (A/A andmous structures, attached to the main body of the sub-
A/P state) tRNAs, and the EF-Tu-bound tRNA (A/T stateunit by only minimal connections. The head of the sub-
tRNA) in the ribosome, whose acceptor end lies far fromunit, which contains a 400-nucleotide domain of 16S
its eventual position in the A/A state. Although the posi-rRNA and eight proteins, is connected to the body of
tions shown in Figure 7 come from modeling, extensivethe ribosome by as little as a single strand of RNA (Bri-
experimental constraints support the positions of themacombe et al., 1988; Stern et al., 1988; Mueller and
three tRNAs approximately as shown. Furthermore, theBrimacombe, 1997). Such features are highly suggestive
predicted placements agree closely with the positionsof independent movement. Moreover, the site of conver-
of density for tRNA and the EF-Tu ternary complex ob-gence of the body, head, and platform (which corre-
served at low resolution using electron microscopy re-spond roughly to the 59, 39 major, and central plus 39
construction methods (Agrawal et al., 1996; Stark et al.,minor domains of 16S rRNA and their associated pro-
1997a, 1997b). The A/T and A/A tRNAs (Figure 7D) differteins, respectively) is at the cleft and neck of the subunit,
in position by two rotational movements. First is a rota-precisely where the anticodon arms of the two tRNAs
tion of about 608 of the plane of the A/T tRNA around
have been localized (Agrawal et al., 1996; Stark et al.,
an axis that is normal to its anticodon arm and centered
1997a). If movement of tRNA were coordinated with
near its anticodon (the [a] axis; Figure 7D). Second is a
movement of one or more of these structural elements of
rotation of about 608 around an axis that is coaxial with
the small subunit, translocation could be accomplished
its anticodon arm (axis [b]). These two rotations result
while transiently maintaining intermolecular contacts
in movement of the A/T tRNA to the A/A position. Inter-
between the mRNA-tRNA complex and the 30S subunit. estingly, the overall process of translocation, movement
of tRNA between the A/A and P/P states, can be accom-
plished by two closely related rotational movements: anThe Catalytic Role of EF-G
z608 rotation of the A/A tRNA around the (a) axis, fol-
Given the important role of the A-site tRNA anticodon
lowed by an z608 rotation around its anticodon arm axis
and its interactions with the small subunit for translo-
(the A/A equivalent of the [b] axis). The main difference
cation, the observed mimicry of the anticodon arm by is that the second ([b] axis) 608 rotation is in the opposite
domain 4 of EF-G is all the more intriguing. Directed sense of that for the A/T to A/A transition. Finally, a
probing experiments show that in fusidic acid-stabilized transition from the P/P state to the P/E state (not shown)
EF-G´GDP´ribosome complexes, domain 4 is indeed po- could be accomplished by another 608 rotation around
sitioned at or very near the site of the A-site tRNA antico- the anticodon axis of the P/P tRNA, this time in the same
don arm (Wilson and Noller, 1998). This is illustrated in sense as the (b) axis rotation of the A/T to A/A transition
Figure 7, which shows the relative positions of tRNA, (see Figure 4).
EF-G, and the EF-Tu´tRNA ternary complex docked on The origin of the putative rotational movements is not
a model for the 30S subunit, using constraints obtained known. However, since both rotational axes are cen-
from cross-linking, footprinting, and directed hydroxyl tered onthe small subunit, rearrangement of its structure
radical probing. The EF-Tu ternary complex was posi- seems a strong possibility. An obvious potential mecha-
tioned by superimposing its G domain on that of the nism for the (a) axis rotation is turning of the head of
docked EF-G; its resulting position and orientation are the small subunit. The (a) axis is, within the uncertainty
remarkably similar to that obtained directly by recent of current structural information, approximately coaxial
electron microsopy reconstruction studies (Stark et al., with the neck of the subunit, whose RNA structural cor-
1997b). relate is the 926 region stem of 16S rRNA. Rotation
A potential role for domain 4 can be inferred from the about the (a) axis could involve this RNA helical element
effects of deleting it from the structure of EF-G. Kinetic in some way. Candidates for the basis of the (b) axis
studies show that this results in a 1000-fold reduction rotation are less obvious, but might be accomplished
in the rate of elongation, without affecting either the by nodding of the head toward and away from the body.
binding of EF-G to the ribosome or its GTPase activity. In support of this model, neutron scattering experiments
This suggests that domain 4 is in some way important have provided evidence that the principle intraribosomal
for coupling of GTP hydrolysis to movement of tRNA. structural movement that occurs during the pre- to post-
Since it is known from nonenzymatic translocation ex- translocational transition involves the head of the small
subunit (Serdyuk et al., 1992).periments that the ability to achieve movement of tRNA
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Figure 7. Approximate Positions of tRNA in Different Ribosomal Binding States, and the Positions of Elongation Factors EF-G and EF-Tu
Relative to a Model for the 30S Ribosomal Subunit, Viewed from the 50S Interface Side
The tRNA states are designated A (A/A state, light blue), P (P/P state, red) and T (A/T state, magenta), respectively. EF-G is colored magenta
and EF-Tu red. In the 30S model, the positions of the proteins from the neutron map (Capel et al., 1987) are shown as dotted spheres, and
16S rRNA as light blue lines. The A and P site mRNA codons are shown in cyan.
(A) Two tRNAs in the A/A and P/P states, docked according to constraints obtained mainly from chemical footprinting (Moazed and Noller,
1986) and directed hydroxyl radical probing (Joseph et al., 1997). The letters are near the tRNA elbows, and the acceptor ends are at the
lower right of the tRNAs, oriented toward the viewer.
(B) Docking of the crystal structure of EF-G´GDP (Czworkowski et al., 1994) on the 30S model, showing its position relative to that of the
tRNAs. The position and orientation of EF-G were determined by directed hydroxyl radical probing of rRNA in the ribosome from 18 positions
on the surface of EF-G (Wilson and Noller, 1998). The globular domain at the lower left is the G domain. Domain 4 reaches up to the right
into the neck region at the base of the cleft, overlapping the position of the anticodon arm of the A/A tRNA. Note that the tRNA in the A/A
state would not coexist with bound EF-G, which was mapped in the posttranslocational state.
(C) Position of the EF-Tu´tRNA´GTP ternary complex, obtained by superimposing the G domain of its crystal structure (Nissen et al., 1995) on
that of EF-G. The anticodon arm of EF-Tu-bound tRNA follows a similar path to that of domain 4 of EF-G, overlapping with the anticodon
region of the A/A tRNA. The A/A tRNA would be absent during binding of the ternary complex.
(D) Positions of tRNA in the A/T, A/A, and P/P states. The planes of the three tRNAs are related by a rotation of approximately 608 around
the (a) axis, plus a second rotation around the axis of the anticodon arm (labeled axis [b], in the case of A/T tRNA), also of about 608.
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Borowski, C., Rodnina, M.V., and Wintermeyer, W. (1996). TruncatedFinally, this model suggests a unifying mechanism for
elongation factor G lacking the G domain promotes translocationelongation factors EF-G and EF-Tu, whose structural
of the 39 end but not of the anticodon domain of peptidyl-tRNA.similarity (Figure 5) is striking, yet baffling. Superficially, Proc. Natl. Acad. Sci. USA 93, 4202±4206.
these factors appear to be involved in translational steps
Bretscher, M.S. (1968). Translocation in protein synthesis: a hybrid
that seem mechanistically unrelated; EF-G catalyzes structure model. Nature 218, 675±677.
translocation, while EF-Tu introduces aminoacyl-tRNA Brimacombe, R. (1991). RNA-protein interactions in the Escherichia
to the ribosome. Their fundamental mechanisms, how- coli ribosome. Biochimie 73, 927±936.
ever, may be to catalyze the two very similar sets of Brimacombe, R., Atmadja, J., Stiege, W., and SchuÈ ler, D. (1988). A
detailed model of the three-dimensional structure of Escherichiarotational steps, which may themselves be innate prop-
coli 16S ribosomal RNA in situ in the 30S subunit. J. Mol. Biol. 199,erties of ribosomal mechanics. The main differences
115±136.between the two processes would be the different initial
Capel, M.S., Engelman, D.M., Freeborn, B.R., Kjeldgaard, M.,states of the tRNAs undergoing movement in each case
Langer, J.A., Ramakrishnan, V., Schindler, D.G., Schneider, D.K.,
(A/T versus A/A) and the opposite sense of the (b) axis Schoenborn, B.P., Sillers, I.Y., et al. (1987). A complete mapping of
rotation for the two kinds of movement. Such differences the proteins in the small ribosomal subunit of Escherichia coli. Sci-
could be accounted for by different detailed interactions ence 238, 1403-1406.
between the factors and the ribosome, which could cou- Cundliffe, E. (1972). The mode of action of fusidic acid. Biochem.
Biophys. Res. Commun. 46, 1794±1801.ple the same fundamental mechanism to movement of
Cundliffe, E. (1990). Recognition sites for antibiotics within rRNA. Inthe two different tRNAs. Most provocative is the struc-
The Ribosome: Structure, Function, and Evolution, W.E. Hill et al.,tural similarity between domain 4 of EF-G and the antico-
eds. (Washington, DC: American Society for Microbiology), pp.don of tRNA in the EF-Tu ternary complex. This could
479±490.
be related to the proposed underlying similarity in their
Czworkowski, J., and Moore, P.B. (1996). The elongation phase of
mechanisms. In the case of EF-G, domain 4 may coordi- protein synthesis. Prog. Nucleic Acid Res. Mol. Biol. 54, 293-332.
nate or trigger conformational changes leading to trans- Czworkowski, J., Wang, J., Steitz, T.A., and Moore, P.B. (1994). The
locational movement from A to P site. In the ternary crystal structure of elongation factor G complexed with GDP, at 2.7
complex, interactions between the anticodon arm of AÊ resolution. EMBO J. 13, 3661±3668.
tRNA and the ribosome could accomplish the analogous Endo, Y., and Wool, I.G. (1982). The site of action of a-sarcin on
eukaryotic ribosomes. The sequence at the a-sarcin cleavage sitetask, leading to movement of the EF-Tu-bound amino-
in 28 S ribosomal ribonucleic acid. J. Biol. Chem. 257, 9054±9060.acyl-tRNA into its fully ribosomal position. Such a mech-
Fernandez-Puentes, C., and Vazquez, D. (1977). Effects of someanism would account for the RNA mimicry observed
proteins that inactivate the eukaryotic ribosome. FEBS Lett. 78,in the structure of EF-G and further suggests that the
143±146.
primeval translocase could itself have been made of
Fink, D.L., Chen, R.O., Noller, H.F., and Altman, R.B. (1996). Compu-
RNAÐtRNA, for example. tational methods for defining the allowed conformational space of
16S rRNA based on chemical footprinting data. RNA 2, 851±866.
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